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Major role of organic anion transporter 3 in the transport of the serum causes a number of pharmacological effects,
indoxyl sulfate in the kidney. such as inhibition of drug binding to serum albumin,
Background. Indoxyl sulfate is a uremic toxin that accumu- erythropoiesis, and lymphocyte blast formation [3–6]. Inlates in the body because of the patient’s inability to excrete it
particular, indoxyl sulfate is known to be the circulatingand it induces a number of uremic symptoms and leads to chronic
substance that stimulates the progression of chronic re-renal failure. The functional failure of the excretion system for
indoxyl sulfate causes its accumulation in blood. The purpose nal failure [7, 8]. Oral administration of indoxyl sulfate
of the present study was to characterize the transport mechanism to uremic rats stimulates the progression of glomerular
responsible for the renal excretion of indoxyl sulfate. sclerosis accompanied by a reduction in renal functionMethods. The [3H]indoxyl sulfate transport mechanism was
[8]. Furthermore, oral administration of indoxyl sulfateinvestigated using an in vivo tissue-sampling single-injection
to 5/6-nephrectomized rats promoted the progression oftechnique, the kidney uptake index (KUI) method. Rat organic
anion transporter 3 (rOAT3)-expressing Xenopus laevis oocyte renal sclerosis associated with the increased gene expres-
system was used for measuring [3H]indoxyl sulfate uptake ac- sion of transforming growth factor (TGF)-1, tissue in-
tivity.
hibitor of metalloproteinase (TIMP)-1, and pro1(I) col-Results. Probenecid showed a concentration-dependent in-
lagen mRNA in the renal cortex [9, 10]. The inductionhibitory effect on the uptake of [3H]indoxyl sulfate using the
KUI method, and uptake was inhibited by organic anions such of these genes may contribute to renal sclerosis.
as para-aminohippuric acid (PAH) and benzylpenicillin, by Indoxyl sulfate is mainly excreted via the kidney, but
weak base such as cimetidine, and by uremic toxins, such as since uremic patients cannot efficiently excrete it in the
3-carboxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF)
urine, it accumulates in the body [2, 7]. Glomerular fil-and hippuric acid (HA). However, salicylic acid, indomethacin,
tration of indoxyl sulfate is considered to be minimal3,5,3-triiodo-l-thyronine and indole acetic acid (IA) had no
effect on the uptake. rOAT3-expressing oocytes exhibited up- because more than 96% is bound to albumin [11]. As far
take of [3H]indoxyl sulfate by rOAT3 (Km  158 mol/L). as transport in the kidney is concerned, indoxyl sulfate
Moreover, a number of uremic toxins inhibited the uptake of produces significant inhibition of para-aminohippuric[3H]indoxyl sulfate by rOAT3.
acid (PAH) uptake by isolated renal tubules [12] andConclusions. These results suggest that rOAT3 is responsi-
reduces the renal clearance of PAH [7, 8]. Thus, excre-ble for the renal uptake of indoxyl sulfate, and uremic toxins
share the transport mechanism for indoxyl sulfate. Mutual inhi- tion of indoxyl sulfate into urine is thought to be mainly
bition of these uremic toxins via OAT3 may accelerate their by tubular secretion, presumably by an organic anion
accumulation in the body and, thereby, the progression of transport system [12].nephrotoxicity in uremia.
Rat renal organic anion transporter 1 (rOAT1) was
isolated as the PAH transporter [13–15]. rOAT1 is ex-
pressed predominantly in the kidney and is localizedSerum indoxyl sulfate, a uremic toxin, is markedly
on the basolateral membrane of the middle proximalincreased in uremic patients [1, 2]. Its accumulation in
tubules (S2) [16]. Subsequently two isoforms, named
rOAT2 and rOAT3, have been identified [17, 18]. These
isoforms in the kidney are believed to be located onKey words: uremic toxin, renal disease, organic anion transporter 3,
chronic renal failure, nephrotoxicity, uremia, indoxyl sulfate. the basolateral membrane [19]. As three OAT isoforms
mediate the transport of many organic anions, includingReceived for publication August 15, 2001
endogenous metabolites, drugs and xenobiotics, it is con-and in revised form November 26, 2001
Accepted for publication December 17, 2001 sidered to be the most important physiological process
involved in the basolateral uptake of organic anions in 2002 by the International Society of Nephrology
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renal epithelial cells [20]. However, it is still not known 350, and scintillation cocktail, Hionic-fluor were pur-
which organic anion transporter is involved in indoxyl chased from Packard Co. (Meriden, CT, USA). 3-Car-
sulfate transport in the kidney. boxy-4-methyl-5-propyl-2-furanpropanoic acid (CMPF)
To clarify the organic anion transporter involved in was synthesized as previously described [4]. All other
the transport of indoxyl sulfate is important to analyze chemicals were of analytical grade and used without fur-
the nephrotoxicity and uremic symptoms induced by in- ther purification.
doxyl sulfate, since accumulation of indoxyl sulfate in
Kidney uptake index (KUI) studyserum occurs due to inhibition or failure of the transport
activity of the organic anion transporter. Furthermore, An abdominal aorta injection technique to obtain a
inhibition of the transporter by indoxyl sulfate will lead kidney uptake index (KUI) was performed as described
to inhibition of the active tubular secretion of many in previous reports [22–24]. Briefly, rats were placed in
other exogenous and endogenous organic acids that are the supine position and a laparotomy carried out after
transported by the same transporter as indoxyl sulfate. the animals had been anesthetized with an intramuscular
This inhibition may extend to other sites of organic acid injection of a mixture of ketamine (235 mg/kg) and xyla-
transport, such as those in brain and liver, and induce zine (2.3 mg/kg). The upper part of the abdominal aorta
many of the symptoms of uremia. was isolated, and the origin of the left renal artery was
In the present study, we investigated the in vivo trans- identified. The aorta was cannulated with a 27-gauge
port mechanism for indoxyl sulfate into the kidney using needle adjacent to the site of the origin of the left renal
the KUI method. Moreover, to estimate the involvement artery. About 300 L buffered Ringer’s solution (10
of rOAT3 in the uptake transport of indoxyl sulfate into mmol/L HEPES, 141 mmol/L NaCl, 4 mmol/L KCl, and
the kidney, we analyzed the uptake characteristics of 2.8 mmol/L CaCl2, pH 7.4) containing both 5 Ci/mL (0.78indoxyl sulfate using Xenopus oocytes injected with
mol/L) [3H]indoxyl sulfate and 0.5Ci/mL [14C]butanol
cRNA derived from rOAT3.
(a freely diffusible reference) was rapidly injected (1
sec). At 5 seconds after injection, the entire left kidney
METHODS was removed. This kidney was minced and about 200
mg tissue was solubilized in 2.0 mL Soluene-350 at 55CAnimals
for three hours. After the addition of 300 L hydrogenAdult male Wistar rats, weighing 230 to 280 g, were
peroxide, 10 mL Hionic-flour was added and then thepurchased from Charles River Laboratories (Yokohama,
radioactivity was measured by double-isotope liquid scin-Japan). Mature female Xenopus laevis were purchased
tillation counting in a liquid scintillation counter (LSC-from Hamamatsu Kyozai (Hamamatsu, Japan) and main-
5000; Aloka, Tokyo, Japan). The radioactivity of thetained in a controlled environment as described by Gol-
injected solution was measured simultaneously.din [21]. All experiments were approved by the Animal
Care Committee, Graduate School of Pharmaceutical
Determination of KUI for the kidneySciences, Tohoku University.
The KUI was defined by equation (1) and determined
Reagents using equation (2) [22–24].
pGEM-HEN was a kind gift from Dr. T. Abe (Tohoku KUI  ET/ER (Eq. 1)University, Japan). N-[1-14C]butanol (1 mCi/mmol) was
obtained from American Radiolabeled Chemicals, (St.
KUI (%) 
Louis, MO, USA). [ring-3H]Indoxyl sulfate ([3H]Indoxyl
sulfate, 6.5 Ci/mmol) was synthesized and purified by (3H/14C dpm) in kidney
(3H/14C dpm) in injection solution
 100 (Eq. 2)NEN Life Sciences (Boston, MA, USA). PAH, probene-
cid, salicylic acid, benzylpenicillin potassium salt, cimeti-
where ET and ER are the extraction of the test ([3H]in-dine, indomethacin, 2-hydroxycinnamic acid, 4-hydroxy-
doxyl sulfate) and reference ([14C]butanol) compounds,phenylacetic acid, 4-hydroxybenzoic acid, and quinolinic
respectively. ET can be estimated when KUI and ERacid were obtained from Wako Pure Chemical (Osaka,
are determined experimentally. Since the ER value ofJapan). Hippuric acid sodium salt was purchased from
[14C]butanol has been reported as 60.4% for the kidneyNacalai Tesque Inc. (Kyoto, Japan). 3,5,3-Triiodo-l-
[22], the following equation is valid:thyronine was purchased from Tokyo Kasei (Tokyo,
Japan). Indoxyl sulfate potassium salt, estrone sulfate, ET  0.604  (KUI) (Eq. 3)indole acetic acid, and xylazine hydrochloride were pur-
The apparent extraction of [3H]indoxyl sulfate con-chased from Sigma Chemical (St. Louis, MO, USA).
sists of intracellular uptake, distribution to the interstitialKetamine hydrochloride was obtained from Sankyo Co.
(Tokyo, Japan). Tissue-solubilizing reagent, Soluene- space, retention in the vascular space and glomerular
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filtration. Therefore, intracellular extraction of [3H]in- Uptake by oocytes
doxyl sulfate is obtained by the following equation: The uptake experiment was initiated by replacing
ND96 solution with that containing 2mol/L [3H]indoxylE  (ET 	 Ens)/(100 	 Ens) (Eq. 4)
sulfate and terminated by the addition of ice-cold ND
where E represents the intracellular extraction (extrac- 96 buffer after the indicated time intervals. Oocytes were
tion only due to cellular uptake) and Ens includes the washed four times with ice-cold ND96, solubilized with
extraction of the drug for distribution in this vascular, 10% SDS, and the accumulated radioactivity was deter-
extracellular space, and for glomerular filtration. With mined in a liquid scintillation counter (LS-6500; Beck-
regard to the kidney, an Ens of 26.2% has been reported man Instruments, Fullerton, CA, USA).
previously [22]. The kinetic parameters for the uptake of indoxyl sul-
fate via rOAT3 were estimated from equation (5):Expression of rOAT3 in Xenopus laevis oocytes
v  Vmax  C/(Km 
 C) (Eq. 5)Polymerase chain reaction (PCR) primers were de-
signed and synthesized based on the nucleotide sequence where v is the uptake rate of the indoxyl sulfate [pmol/
of rOAT3 [18], since full-length rOAT3 cDNA was not (h · oocyte)], C is the indoxyl sulfate concentration in
available at the beginning of this study. There was a the medium (mmol/L), Km is Michaelis-Menten constant,sense strand with an EcoRI site, 5-CGGAATTCCGGG and Vmax is the maximum uptake rate [pmol/(h · oocyte)].TTCATCTTGCCTGGTGCCATG-3 (position 104–126); To obtain the kinetic parameters, the equation was fitted
antisense with an XbaI site, 5-GCTCTAGAGCAAG to the rOAT3-specific transport velocity, which was ob-
AGGATTCTGTTGTTCTCA GCTA-3 (position 1740– tained by subtracting the transport velocity in water-
1764). Rat kidney total RNA was prepared from rat kid- injected oocytes from that in rOAT3-expressing oocytes,
ney using TRIzol Reagent (Gibco BRL, Grand Island, by an iterative nonlinear least squares method using a
NY, USA). One microgram poly(A)
RNA from rat kid- MULTI program [25]. The input data were weighted as
ney total RNA prepared using an mRNA purification kit the reciprocal of the observed values, and the Damping-
(Amersham Pharmacia Biotech, Uppsala, Sweden) was Gauss Newton Method algorithm was used for fitting.
reverse-transcribed with ReverTra Ace (Toyobo, Osaka,
The fitted line was converted to the v/C versus v form
Japan) at 42C for 50 minutes and then heated at 99C
(Eadie-Scatchard plot).
for five minutes. The synthesized cDNA was used for
For the inhibition study, the uptake of 2 mol/L
subsequent PCR with a set of primers (1 mol/L) ac-
[3H]indoxyl sulfate via rOAT3 was measured in the pres-cording to the following profile: 98C for 15 seconds, 65C
ence or absence of 1 mmol/L unlabeled compounds infor 2 seconds, 74C for 30 seconds, for 20 cycles. The
ND96 solution. The specific uptake was obtained by sub-PCR products were separated by electrophoresis on 1%
tracting the uptake into water-injected oocytes from theagarose gels, and purified by a GENECLEAN II Kit (BIO
uptake into rOAT3-expressing oocytes.101, Vista, CA, USA). The purified PCR products were
cut with EcoRI and XbaI (Takara, Shiga, Japan), ligated Data analysis
into pBluescript SK(
) (Strategene, La Jolla, CA, USA)
Unless otherwise indicated, all data represent thefor sequencing, and transformed into competent high
mean  SEM. An unpaired, two-tailed Student t testEscherichia coli DH5 (Toyobo, Osaka, Japan). Both
was used to determine the significance of differencesstrands of the subcloned cDNA were sequenced with
between two group means. Statistical significance amongDNA sequencer (model 4200; Li-COR, Lincoln, NE,
means of more than two groups was determined by one-USA) and the cDNA clones with base sequences were
way ANOVA followed by the modified Fisher’s least100% identical with rOAT3 [18]. Then, rOAT3 cDNA
squares difference method. IC50 values were estimated bywas subcloned into pGEM-HEN for in vitro transcrip-
fitting the data to the nonlinear least-squares regressiontion. The capped cRNA was synthesized in vitro using
analysis program, MULTI.T7 RNA polymerase from plasmid DNA liberalized with
Not I. Defolliculated oocytes were injected with 10 ng
capped rOAT3 cRNA and incubated in Barth’s solution RESULTS
(88 mmol/L NaCl, 1 mmol/L KCl, 0.33 mmol/L Ca(NO3)2,
Concentration-dependent inhibitory effect of0.4 mmol/L CaCl2, 0.8 mmol/L MgSO4, 2.4 mmol/L
probenecid on [3H]indoxyl sulfate uptakeNaHCO3, and 10 mmol/L HEPES) containing 50 g/mL
by the kidneygentamicin and 2.5 mmol/L pyruvate, pH 7.4, at 18C.
In order to characterize the basolateral membraneAfter incubation for three days, uptake experiments
transport systems proposed previously for indoxyl sul-were performed at 20C in ND96 solution (96 mmol/L
fate, it is necessary to examine the renal basolateralNaCl, 2 mmol/L KCl, 1.8 mmol/L CaCl2, 1 mmol/L
MgCl2, and 5 mmol/L HEPES, pH 7.4). transport under physiological conditions. The tissue-
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reduced the uptake by 52.6  0.9 and 51.3  3.2%,
respectively. These results suggest that rOAT3 mediates
the transport of indoxyl sulfate in the kidney. Moreover,
indomethacin is a potent inhibitor of rOAT1 [27], sali-
cylic acid is a good substrate of rOAT2 [17] and 3,5,3-
triiodo-l-thyronine is a substrate of oatp3 [28]. These
compounds had no effect on [3H]indoxyl sulfate uptake.
These results strongly suggest that rOAT3 at the basolat-
eral membrane participates in indoxyl sulfate uptake by
the kidney.
Uptake of indoxyl sulfate by rOAT3
in Xenopus laevis oocytes
To elucidate the involvement of rOAT3 in indoxyl
sulfate transport in the kidney, the Xenopus oocytes
expression system was studied. Figure 2 shows the in-
doxyl sulfate uptake activity by oocytes injected with
cRNA derived from rOAT3 cDNA. This rOAT3-medi-
ated indoxyl sulfate uptake was linear over at least 120
minutes, whereas the small diffusional component of
indoxyl sulfate uptake remained constant (Fig. 2). Spe-
cific uptake of [3H]indoxyl sulfate in rOAT3-expressingFig. 1. Concentration-dependent inhibitory effect of probenecid on
[3H]indoxyl sulfate uptake by the kidney. [3H]Indoxyl sulfate uptake oocytes revealed saturable kinetics (Fig. 3), and the Ea-
was measured in the presence () and absence () of probenecid. Each die-Scatchard plot gave a single straight line (Fig. 3,
point represents the mean  SEM (N  4 to 5). aP  0.01, bP  0.001,
inset), indicating that rOAT3 transports indoxyl sulfate.significantly different from the control uptake.
The estimated Km and Vmax values were 158 0.1mol/L
and 11.2  0.1 pmol/(h · oocyte) (mean  SD), respec-
tively. As shown in Table 2, potent rOAT3 inhibitors,
sampling single-injection technique, kidney uptake index such as estrone sulfate (Km  2.3 mol/L) [18] and pro-
(KUI) method, is known to be useful for measuring benecid, strongly inhibited the rOAT3-mediated uptake
in vivo unidirectional influx rates across the basolateral of [3H]indoxyl sulfate. PAH, benzylpenicillin, and cimeti-
membrane on the vascular side [22–24]. Figure 1 shows dine also inhibited the uptake of [3H]indoxyl sulfate,
the effect of probenecid on [3H]indoxyl sulfate uptake while salicylic acid, 3,5,3-triiodo-l-thyronine, and indo-
by the kidney measured by the KUI method. Probenecid, methacin had minimal or no inhibitory effect. These dif-
which is a potent inhibitor of organic anion transporters, ferential inhibitory effects agreed with the in vivo results
including OAT and oatp families, had an inhibitory effect obtained by the KUI method as shown in Table 1, sup-
on [3H]indoxyl sulfate uptake by the kidney that was porting the involvement of rOAT3 in indoxyl sulfate
concentration-dependent over the range 50 mol/L to 5 excretion transport in the kidney.
mmol/L. The 5 mmol/L probenecid produced a signifi-
Inhibitory effect of uremic toxins on rOAT3-mediatedcant reduction in [3H]indoxyl sulfate uptake (40.6 2.2%
indoxyl sulfate transportof the uptake in the control study). This result suggests
that a carrier-mediated transport, an organic anion trans- Previous studies have reported that hippuric acid
porter, is involved in uptake of indoxyl sulfate in the (HA) and CMPF appear to be transported by organic
kidney. anion transporter since these uremic toxins inhibited
PAH uptake in the kidney [12, 29, 30]. To examine the
Inhibitory effect of various organic anions on possibility that uremic toxins share the rOAT3-mediated
[3H]indoxyl sulfate uptake by the kidney indoxyl sulfate transport system, we analyzed the inhibi-
To characterize the uptake process for indoxyl sulfate tory effect of uremic toxins on [3H]indoxyl sulfate uptake
by the kidney in vivo, the inhibitory effects of several in the kidney using the KUI method (Table 3). CMPF
compounds on [3H]indoxyl sulfate uptake by the kidney and HA inhibited the uptake by 61.8  2.1 and 56.7 
were examined (Table 1). PAH, a substrate of rOAT1 1.7%, respectively, while indole acetic acid (IA) did not.
(Km  14 mol/L) [13] and rOAT3 (Km  65 mol/L) Moreover, the effect of uremic toxins on the rOAT3-
[18], inhibited [3H]indoxyl sulfate uptake by 72.1 4.0%. mediated uptake of [3H]indoxyl sulfate was examined
Benzylpenicillin and cimetidine (Km  40 mol/L for by the Xenopus oocytes expression system (Table 4).
Uremic toxins, such as CMPF, HA, 2-hydroxycinnamicrOAT3), which are substrates of rOAT3 [18, 26], also
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Table 1. Inhibitory effect of several compounds on the intracellular uptake of [3H]indoxyl sulfate by the kidney
Intracellular uptake of
[3H]indoxyl sulfate in the kidneya
Conc. Number of
Inhibitors mmol/L investigations % % of control
Control 6 35.12.8 100
para-Aminohippuric acid 5 6 9.813.97c 27.9
3,5,3-Triiodo-l-thyronine 1 4 32.63.0 92.8
Salicylic acid 5 4 30.82.3 87.8
Benzylpenicillin 5 4 16.60.9b 47.4
Cimetidine 5 4 17.13.2b 48.7
Indomethacin 1 4 34.52.5 98.3
A solution containing both [3H]indoxyl sulfate (0.78 mol/L) and inhibitors was injected via the abdominal aorta.
aEach value represents the mean  SEM
bP  0.01, cP  0.001, significantly different from control
DISCUSSION
Endogenous substances such as indoxyl sulfate, CMPF,
and HA, which are referred to as uremic toxins, accumu-
late in the blood of patients with chronic renal failure
[31]. In this condition, there are a number of physiologi-
cal changes, such as glomerular hypertrophy and the
development of glomerular sclerosis [32–35]. Circulating
uremic toxins are thought to be one of the causes acceler-
ating the progression of chronic renal failure [6]. It is
well known that indoxyl sulfate stimulates progression
of glomerular sclerosis and chronic renal failure [7–10].
Studies of the secretion of indoxyl sulfate in the renal
proximal tubules have suggested that indoxyl sulfate is
a substrate of the renal PAH transport system [7, 8, 12].
The present study provides in vivo evidence that in-
doxyl sulfate is transported by a carrier-mediated trans-
port system across the renal basolateral epithelial cell
membrane. Transport of [3H]indoxyl sulfate into the kid-
ney was significantly inhibited by probenecid using theFig. 2. Time-course of [3H]indoxyl sulfate uptake by X. laevis oocytes
injected with water or rOAT3 cRNA. The uptake of 2 mol/L [3H]in- KUI method (Fig. 1), and this supports the hypothesis
doxyl sulfate in water-injected oocytes () and rOAT3-expressing oo- that indoxyl sulfate is transported via a common carrier-
cytes () were measured during a 120-minute incubation. Each bar
mediated transport system across the renal basolateralrepresents the mean  SEM (N  10 to 12).
membrane.
Recently, a rat renal organic anion transporter 1
(rOAT1) was isolated as the PAH transporter [13–15].
acid, 4-hydroxyphenylacetic acid, and 4-hydroxybenzoic rOAT1 is expressed predominantly in the kidney and
acid inhibited rOAT3-mediated [3H]indoxyl sulfate up- is localized at the basolateral membrane of the middle
take, while quinolinic acid had no effect. To characterize proximal tubules (S2) [16]. To date, two other isoforms,
the details of this inhibitory effect, a kinetic analysis of that is, rOAT2 and rOAT3, have been identified [17, 18],
the inhibition profile was performed (Fig. 4). The IC50 and these isoforms in kidney are believed to be located
values of probenecid, CMPF, and HA were 1.68  0.03 at the basolateral membrane [19]. [3H]Indoxyl sulfate
mol/L, 4.01  1.07 mol/L and 11.9  2.6 mol/L, transport by the kidney is strongly inhibited by PAH,
respectively. The IC50 value of IA, 509  96 mol/L, is benzylpenicillin and cimetidine, which are substrates of
at least 50 times higher than the IC50 values of those rOAT3 [18, 26], but not by salicylic acid and indometha-
compounds. These results suggest that at least CMPF and cin, which is a substrate of rOAT2 (Km  88.8 mol/L)
HA share rOAT3-mediated transport at the basolateral [17] and a potent inhibitor of rOAT1 (Ki  10 mol/L)
membrane in the kidney with indoxyl sulfate. In contrast, [27], respectively (Table 1). Despite being a weak base,
the transport system for IA and quinolinic acid is differ- the transport by rOAT3 has been reported to be inhib-
ited by cimetidine [18, 26]. Therefore, indoxyl sulfateent from that for indoxyl sulfate.
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Fig. 3. Concentration-dependence of indoxyl
sulfate uptake by Xenopus oocytes expressing
rOAT3. Oocytes were injected with 50 nL con-
taining 10 ng of rOAT3 cRNA or with an
equal volume of water. They were cultured
for three days at 20C. The uptake rates of
[3H]indoxyl sulfate into rOAT3 cRNA-injected
oocytes were measured at the concentration
indicated after incubation for one hour at
20C. Unspecific uptake by water-injected oo-
cytes was subtracted from all uptake values.
(Inset) the Eadie-Scatchard plot of the same
data. The values indicated are the means of
eight to ten oocyte determinations (means 
SEM).
Table 3. Inhibitory effect of uremic toxins on the intracellularTable 2. Inhibition study of [3H]indoxyl sulfate
in rOAT3-expressing oocytes uptake of [3H]indoxyl sulfate by the kidney
Intracellular uptake ofInhibitors % of controla N determinations
[3H]indoxyl sulfate in the kidneya
Number ofControl 1007 25
Probenecid 2.580.43b 19 Inhibitors investigations % % of control
Estrone sulfate 1.760.88b 19
Control 7 30.91.8 100para-Aminohippuric acid 17.73.9b 8
Hippuric acid 5 13.41.7b 43.3Benzylpenicillin 21.15.4b 17
CMPF 5 11.82.1b 38.2Cimetidine 26.15.8b 17
Indole acetic acid 5 35.81.6 116Salicylic acid 68.121.3 9
Indomethacin 1036 19 A solution containing both [3H]indoxyl sulfate and inhibitors at a concentra-
tion of 0.78 mol/L and 5 mmol/L, respectively, was injected via the abdominal3,5,3-Triiodo-l-thyronine 96.617.3 9
aorta.
The concentration of [3H]indoxyl sulfate was 2 mol/L and that of each aEach value represents the mean  SEM.
inhibitor was 1 mmol/L. The uptake rates of [3H]indoxyl sulfate into rOAT3 bP  0.01, significantly different from control
cRNA-injected oocytes were measured at one hour.
aEach value represents the mean  SEM of N determinations.
bP  0.01, significantly different from control
K1 and OAT-K2, having a high degree homology with
the organic anion transporting polypeptide (oatp) family,
appears to undergo uptake by rOAT3 from the circulat- also were identified [37, 38]. Masuda et al reported that
ing blood to the kidney across the renal basolateral mem- OAT-K1 and OAT-K2 were expressed at renal brush-
brane. Recently, Cha et al isolated human organic anion border membranes and may participate in reabsorption
transporter 3 (hOAT3) from the kidney and reported to and/or secretion from tubular epithelial cells [20, 39].
that estrone sulfate uptake by hOAT3 expressing oo- Therefore, it might be that OAT-K1 and/or OAT-K2
cytes was inhibited by PAH, probenecid, benzylpenicil- are responsible for the transport of indoxyl sulfate at
lin, cimetidine and indomethacin [36]. Although there the renal brush border membrane. Moreover, Na
-inde-
appear to be species differences in the inhibitory effect pendent organic anion transporting polypeptide type 3
of indomethacin, the substrate specificity of hOAT3 is (oatp3) has been isolated from rat retina [28]. Oatp3
similar to that of rOAT3 [19]. protein may be localized at the basolateral membrane in
kidney because oatp3 mRNA is expressed in rat kidney.As kidney-specific organic anion transporters, OAT-
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Table 4. Inhibition of rOAT3-mediated [3H]indoxyl sulfate
uptake by uremic toxins
Inhibitors % of controla N determinations
Control 1001 10
CMPF 8.381.72b 10
Hippuric acid 24.61.5b 10
2-Hydroxycinnamic acid 39.510.1b 8
4-Hydroxyphenylacetic acid 29.72.5b 10
4-Hydroxybenzoic acid 22.13.2b 10
Indole acetic acid 51.27.1b 10
Quinolinic acid 1366 10
The concentration of [3H]indoxyl sulfate was 2 mol/L and that of each
inhibitor was 1 mmol/L. The uptake rates of [3H]indoxyl sulfate into rOAT3
cRNA-injected oocytes were measured at one hour.
aEach value represents the mean  SEM of N determinations
bP  0.01, significantly different from control
Therefore, we carried out an investigation to see if oatp3
Fig. 4. Inhibition profile of rOAT3-mediated [3H]indoxyl sulfate up-mediates indoxyl sulfate transport. However, we found take by probenecid (), CMPF (), hippuric acid (), and indole
that 3,5,3-triiodo-l-thyronine, a substrate of oatp3 [28], acetic acid (). The values are expressed as a percentage of [3H]indoxyl
sulfate uptake in rOAT3-expressing oocytes at one hour in the absencehad no inhibitory effect on [3H]indoxyl sulfate uptake
of inhibitor (mean  SEM; N  8 to 10).transport into the kidney (Table 1), suggesting that oatp3
is not involved in the uptake transport of [3H]indoxyl
sulfate.
To confirm that indoxyl sulfate is transported by the proximal tubular cells by the functional inhibition of
rOAT3, we used the Xenopus laevis oocyte expression rOAT3 causes the development of glomerular sclerosis
system. rOAT3-expressing oocytes exhibited significant and tubulointerstitial fibrosis, possibly also accelerating
uptake activity for [3H]indoxyl sulfate (Fig. 2) and the the progression of chronic renal failure.
[3H]indoxyl sulfate uptake indicated a saturable process It has been reported that HA and CMPF, uremic tox-
with a Km of 158 mol/L (Fig. 3). Under normal condi- ins, inhibit PAH transport in the kidney [12, 29, 30], and
tions, the concentration of unbound indoxyl sulfate in it has been suggested that these compounds also are
serum was reported to be 0.16 mol/L [11]. These results transported by the organic anion transport system. In
demonstrate that indoxyl sulfate is a substrate of rOAT3 the present study, we demonstrated that HA and CMPF
and suggests that rOAT3 is responsible for the uptake strongly inhibited the uptake of [3H]indoxyl sulfate into
of indoxyl sulfate at the renal basolateral membrane. the kidney using the KUI method (Table 3). Therefore,
In addition, estrone sulfate, PAH, benzylpenicillin and these uremic toxins may share the same uptake transport
cimetidine, which are substrates of rOAT3, inhibit the system as indoxyl sulfate in the kidney. Moreover, the
rOAT3-mediated uptake of [3H]indoxyl sulfate (Table uptake of [3H]indoxyl sulfate by rOAT3-expressed oo-
2). In contrast, indomethacin, salicylic acid and 3,5,3- cytes is inhibited by HA and CMPF (Table 4). These
triiodo-l-thyronine, do not exhibit any significant in- results suggest that these compounds are candidate sub-
hibitory effect on the uptake of [3H]indoxyl sulfate. strates of rOAT3. The IC50 values of HA and CMPF for
These results, along with a previous report [18, 26], agree the uptake of [3H]indoxyl sulfate by rOAT3 were 11.9 
with the results of the KUI study shown in Table 1. 2.6 and 4.01  1.07 mol/L, respectively (Fig. 4), and
Considering the inhibitory effect of benzylpenicillin and these values were similar to that of probenecid (1.68 
cimetidine using the KUI method and the oocyte expres- 0.03 mol/L), which is a typical inhibitor of rOAT3.
sion system, it appears that the contribution of rOAT3 These uremic toxins possess high protein-binding ac-
is a major factor in the excretion of indoxyl sulfate in tivity (indoxyl sulfate 96%; HA 55%; CMPF 99%)
the proximal tubules. Miyazaki et al have recently re- [11, 30] and only the unbound uremic toxins interact with
ported that the administration of indoxyl sulfate increases rOAT3. The unbound concentration of uremic toxins in
TGF-1 mRNA levels in the renal cortex of uremic rats normal serum is low (indoxyl sulfate 0.16 mol/L; HA
[9, 10]. TGF-1 stimulates the accumulation of extracel- 5.99 mol/L; CMPF 0.15 mol/L), suggesting that the
lular matrix by increasing the production of extracellular transport of indoxyl sulfate by rOAT3 is not significantly
matrix proteins, such as type I collagen, and inhibits its reduced by those uremic toxins under normal conditions.
degradation by increasing the production of proteinase Unbound serum concentrations of indoxyl sulfate, HA
inhibitors, such as TIMP-1, in mesangial and tubulointes- and CMPF in uremia have been reported to be 12.9,
121.9 and 3.7 mol/L, respectively [11]. Estimated fromtinal cells [40]. Thus, the indoxyl sulfate accumulating in
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the results of the inhibition profile (Fig. 4), these uremic In conclusion, we report here that rOAT3 transports
indoxyl sulfate and is responsible for the renal excretiontoxins inhibit the rOAT3-mediated transport of unbound
indoxyl sulfate by more than 95% under uremic condi- of indoxyl sulfate. The present study suggests that uremic
tions, suggesting that the transport activity of OAT3 in toxins share the rOAT3 transport system with indoxyl
the kidney is attenuated in patients with renal failure. sulfate and this transport mechanism plays a key role in
The serum accumulation of uremic toxins could be accel- the development of nephrotoxicity in uremia.
erated because these substrates inhibit tubular secretion.
In contrast, IA, which is also a uremic toxin and a ACKNOWLEDGMENTS
structural analog of indoxyl sulfate, failed to inhibit This work was supported, in part, by a Grant-in-Aid for Scientific
[3H]indoxyl sulfate uptake into the kidney (Table 3), Research from the Ministry of Education, Science, Sports, and Culture,
Japan and the Uehara Memorial Foundation. The authors thank Dr.suggesting that the affinity of IA for rOAT3 is not as
T. Abe for kindly supplying the pGEM-HEN vector, Dr. Y. Tsutsumihigh as that of indoxyl sulfate. As show in Figure 4, the for valuable discussions, and Ms. N. Funayama for secretarial assis-
inhibitory activity of IA (IC50  509  96 mol/L) was tance.
at least 43-fold lower than that of HA and CMPF,
Reprint requests to Prof. Tetsuya Terasaki, Ph.D., Department ofwhereas IA inhibited rOAT3-mediated transport of Molecular Biopharmacy and Genetics, Graduate School of Pharmaceu-
[3H]indoxyl sulfate by 48.8 7.1% in Table 4. The serum tical Sciences, Tohoku University, Aoba, Aramaki, Aoba-ku, Sendai
980-8578, Japan.concentration of unbound IA in uremia was reported to
E-mail: terasaki@mail.pharm.tohoku.ac.jpbe 3.92 mol/L [11], suggesting that IA does not influ-
ence the transport of OAT3 in uremic patients.
Finally, other uremic toxins, such as 2-hydroxycin- APPENDIX
namic acid, 4-hydroxyphenylacetic acid, 4-hydroxyben-
Abbreviations used in this article are: CMPF, 3-carboxy-4-methyl-
zoic acid, and quinolinic acid, were investigated. Previous 5-propyl-2-furanpropanoic acid; HA, hippuric acid; IA, indole acetic
acid; KUI, kidney uptake index; OAT, organic anion transporter; PAH,studies have reported that these circulating uremic toxins
para-aminohippuric acid.are thought to be involved in a variety of uremic symp-
toms [31]. However, the transporter responsible for the
REFERENCESuptake of these compounds has not been identified. Only
1. Muting D: Studies on the pathogenesis of uremia. Comparativethe efflux transport of quinolinic acid from brain has
determinations of glucuronic acid, indican, free and bound phenolsbeen reported to be inhibited by probenecid, suggesting
in the serum, cerebrospinal fluid, and urine of renal diseases with
that quinolinic acid is transported by organic anion trans- and without uremia. Clin Chim Acta 12:551–554, 1965
2. Niwa T, Takeda N, Tatematsu A, Maeda K: Accumulation ofporters [41]. The present study shows that these uremic
indoxyl sulfate, an inhibitor of drug-binding, in uremic serum astoxins, but not quinolinic acid, could be substrates of
demonstrated by internal-surface reversed-phase liquid chroma-
rOAT3 and quinolinic acid might be transported by an tography. Clin Chem 34:2264–2267, 1988
organic anion transporter other than rOAT3, since all 3. Sakai T, Takadate A, Otagiri M: Characterization of binding
site of uremic toxins on human serum albumin. Biol Pharm Bullthe compounds, except quinolinic acid, inhibited the
18:1755–1761, 1995rOAT3-mediated uptake of [3H]indoxyl sulfate (Table 4. Tsutsumi Y, Maruyama T, Takadate A, et al: Decreased bilirubin-
4). This evidence suggests that rOAT3 plays an impor- binding capacity in uremic serum caused by an accumulation of
furan dicarboxylic acid. Nephron 85:60–64, 2000tant role in reducing the concentration of uremic toxins
5. Sakai T, Yamasaki K, Sako T, et al: Interaction mechanism be-in the blood as part of a detoxication system. tween indoxyl sulfate, a typical uremic toxin bound to site II,
Previously, Niwa et al proposed the protein metabolite and ligands bound to site I of human serum albumin. Pharm Res
18:520–524, 2001hypothesis [42]. In this, the initial insult leads to a loss
6. Motojima M, Nishijima F, Ikoma M, et al: Role for “uremic toxin”of functioning nephrons via a disease-specific pathophys- in the progressive loss of intact nephrons in chronic renal failure.
iological process. A progressive decline in the glomerular Kidney Int 40:461–469, 1991
7. Niwa T, Ise M: Indoxyl sulfate, a circulating uremic toxin, stimu-filtration rate leads to increased circulating levels of en-
lates the progression of glomerular sclerosis. J Lab Clin Meddogenous protein metabolites, such as indoxyl sulfate, 124:96–104, 1994
and the adverse effect of overload on the remaining 8. Niwa T, Ise M, Miyazaki T: Progression of glomerular sclerosis
in experimental uremic rats by administration of indole, a precursornephrons. For example, indoxyl sulfate stimulates pro-
of indoxyl sulfate. Am J Nephrol 14:207–212, 1994gressive chronic renal failure, leading to a further loss
9. Miyazaki T, Ise M, Seo H, Niwa T: Indoxyl sulfate increases
of nephrons. Thus, the vicious cycle of progressive renal the gene expressions of TGF-beta 1, TIMP-1 and pro-alpha 1(I)
collagen in uremic rat kidneys. Kidney Int 52(Suppl 62):S15–S22,injury is complete. Our present study supports this hy-
1997pothesis. The accumulation of uremic toxins in proximal
10. Miyazaki T, Ise M, Hirata M, et al: Indoxyl sulfate stimulates renal
tubules, especially indoxyl sulfate, could be mediated by synthesis of transforming growth factor-beta 1 and progression of
renal failure. Kidney Int 52(Suppl 63):S211–S214, 1997rOAT3. This finding will be very important not only in
11. Sakai T, Maruyama T, Imamura H, et al: Mechanism of stereose-helping us better understand the development of nephro-
lective serum binding of ketoprofen after hemodialysis. J Pharma-
toxicity, but also in improving the way we treat progres- col Exp Ther 278:786–792, 1996
12. Boumendil-Podevin EF, Podevin RA, Richet G: Uricosuricsive renal failure caused by uremic toxins.
Deguchi et al: Renal transport of indoxyl sulfate1768
agents in uremic sera. Identification of indoxyl sulfate and hippuric 28. Abe T, Kakyo M, Sakagami H, et al: Molecular characterization
and tissue distribution of a new organic anion transporter subtypeacid. J Clin Invest 55:1142–1152, 1975
13. Sekine T, Watanabe N, Hosoyamada M, et al: Expression cloning (oatp3) that transports thyroid hormones and taurocholate and
comparison with oatp2. J Biol Chem 273:22395–22401, 1998and characterization of a novel multispecific organic anion trans-
porter. J Biol Chem 272:18526–18529, 1997 29. Costigan MG, Lindup WE: Plasma clearance in the rat of a furan
dicarboxylic acid which accumulates in uremia. Kidney Int 49:634–14. Sweet DH, Wolff NA, Pritchard JB: Expression cloning and
characterization of ROAT1. The basolateral organic anion trans- 638, 1996
30. Henderson SJ, Lindup WE: Renal organic acid transport: Uptakeporter in rat kidney. J Biol Chem 272:30088–30095, 1997
15. Uwai Y, Okuda M, Takami K, et al: Functional characterization by rat kidney slices of a furan dicarboxylic acid which inhibits
plasma protein binding of acidic ligands in uremia. J Pharmacolof the rat multispecific organic anion transporter OAT1 mediating
basolateral uptake of anionic drugs in the kidney. FEBS Lett Exp Ther 263:54–60, 1992
31. Niwa T: Organic acids and the uremic syndrome: protein metabo-438:321–324, 1998
16. Tojo A, Sekine T, Nakajima N, et al: Immunohistochemical local- lite hypothesis in the progression of chronic renal failure. Semin
Nephrol 16:167–182, 1996ization of multispecific renal organic anion transporter 1 in rat
kidney. J Am Soc Nephrol 10:464–471, 1999 32. Obertop H, Malt RA: Lost mass and excretion as stimuli to parabi-
otic compensatory renal hypertrophy. Am J Physiol 232:F405–17. Sekine T, Cha SH, Tsuda M, et al: Identification of multispecific
organic anion transporter 2 expressed predominantly in the liver. F408, 1977
33. Harris RH, Best CF: Circulatory retention of urinary factors asFEBS Lett 429:179–182, 1998
18. Kusuhara H, Sekine T, Utsunomiya-Tate N, et al: Molecular a stimulus to renal growth. Kidney Int 12:305–312, 1977
34. Yoshida Y, Fogo A, Ichikawa I: Glomerular hemodynamiccloning and characterization of a new multispecific organic anion
transporter from rat brain. J Biol Chem 274:13675–13680, 1999 changes vs. hypertrophy in experimental glomerular sclerosis. Kid-
ney Int 35:654–660, 198919. Sekine T, Cha SH, Endou H: The multispecific organic anion
transporter (OAT) family. Pflu¨gers Arch 440:337–350, 2000 35. Klahr S, Schreiner G, Ichikawa I: The progression of renal
disease. N Engl J Med 318:1657–1666, 198820. Inui KI, Masuda S, Saito H: Cellular and molecular aspects of
drug transport in the kidney. Kidney Int 58:944–958, 2000 36. Cha SH, Sekine T, Fukushima JI, et al: Identification and charac-
terization of human organic anion transporter 3 expressing pre-21. Goldin AL: Maintenance of Xenopus laevis and oocyte injection.
Methods Enzymol 207:266–279, 1992 dominantly in the kidney. Mol Pharmacol 59:1277–1286, 2001
37. Saito H, Masuda S, Inui K: Cloning and functional characteriza-22. Tsuji A, Terasaki T, Tamai I, Takeda K: In vivo evidence for
carrier-mediated uptake of beta-lactam antibiotics through organic tion of a novel rat organic anion transporter mediating basolateral
uptake of methotrexate in the kidney. J Biol Chem 271:20719–anion transport systems in rat kidney and liver. J Pharmacol Exp
Ther 253:315–320, 1990 20725, 1996
38. Masuda S, Ibaramoto K, Takeuchi A, et al: Cloning and functional23. Chaudhuri G, Verheugen C, Pardridge WM, Judd HL: Selective
availability of protein bound estrogen and estrogen conjugates to characterization of a new multispecific organic anion transporter,
OAT-K2, in rat kidney. Mol Pharmacol 55:743–752, 1999the rat kidney. J Endocrinol Invest 10:283–290, 1987
24. Lemaire M, Pardridge WM, Chaudhuri G: Influence of blood 39. Masuda S, Saito H, Nonoguchi H, et al: mRNA distribution and
membrane localization of the OAT-K1 organic anion transportercomponents on the tissue uptake indices of cyclosporin in rats. J
Pharmacol Exp Ther 244:740–743, 1988 in rat renal tubules. FEBS Lett 407:127–131, 1997
40. Border WA, Noble NA, Yamamoto T, et al: Natural inhibitor25. Yamaoka K, Tanigawara Y, Nakagawa T, Uno T: A pharmacoki-
netic analysis program (multi) for microcomputer. J Pharmacobio- of transforming growth factor-beta protects against scarring in
experimental kidney disease. Nature 360:361–364, 1992dyn 4:879–885, 1981
26. Feng B, Dresser MJ, Shu Y, et al: Arginine 454 and lysine 370 are 41. Morrison PF, Morishige GM, Beagles KE, Heyes MP: Quinolinic
acid is extruded from the brain by a probenecid-sensitive carrieressential for the anion specificity of the organic anion transporter,
rOAT3. Biochemistry 40:5511–5520, 2001 system: A quantitative analysis. J Neurochem 72:2135–2144, 1999
42. Niwa T, Nomura T, Sugiyama S, et al: The protein metabolite27. Apiwattanakul N, Sekine T, Chairoungdua A, et al: Transport
properties of nonsteroidal anti-inflammatory drugs by organic hypothesis, a model for the progression of renal failure: An oral
adsorbent lowers indoxyl sulfate levels in undialyzed uremic pa-anion transporter 1 expressed in Xenopus laevis oocytes. Mol Phar-
macol 55:847–854, 1999 tients. Kidney Int 52(Suppl 62):S23–S28, 1997
